In a series of measurements of electromagnetic radiation (EMR) from percussion-drilled Solenhofen limestone, nonoscillating signals (associated with electric depolarization) preceded by short oscillating signals (associated with crack propagation) were obtained. Depolarization is therefore assumed to be caused by stress relaxation around a propagating crack. Using the parameters of EMR signals, the polarization generating displacements of the Ca 2+ ions in the calcite lattice caused by drilling were calculated.
I. INTRODUCTION
Electromagnetic radiation (EMR) emitted by fractures is originated of two different kinds. The first is caused by the fracture itself while the second emerges from a depolarization process induced by relaxation following fracturing.
We have shown that the first kind of EMR originates from surface vibrational optical waves excited during material failure. 1 This model enabled us to calculate fracture dimensions and to predict the independence of EMR properties on the fracture mode (tension or shear), on the loading mechanism (quasistatic or dynamic) and even on failure scale. All of these predictions were confirmed by our measurements. 2, 3 Thus, it was shown 4 that crack length is proportional to the length of the time of pulse growth until its maximum, TЈ, given by
while crack width is inversely proportional to the pulse frequency , as
Here, v R is the Rayleigh velocity and v cr is the crack propagation velocity. Measurements of EMR from the second, that is, a depolarization process induced by material relaxation, are rare. [5] [6] [7] For example, Ogawa et al. 5 measured EMR in impact experiments consisting of the collision of two feldspars, and the impacts on a granite sample both by a hammer and by a falling brass sphere. Rabinovitch et al. 6 associated a part of Ogawa's signals with a depolarization process induced by material relaxation following fracturing. Drilling experiments accompanied by EMR measurements were carried out in our laboratory 7 in glass, granite, chalk, Solenhofen limestone, and polymethyl methacrylate. In these experiments five groups of induced EMR signals were obtained: (a) "Single pulses" of durations of 0.3-1.5 s with a single main frequency ranging between 10 and 25 MHz [ Fig. 1(a) ]; (b) "Short strings of pulses" of 2 -15 s duration consisting of several pulses of the first group type and, thus, having a more complicated frequency spectrum [ Fig. 1(b) ]; (c) "Lengthy strings of pulses" of durations of 15-60 s consisting of numerous pulses of the first two groups and with a wide range ͑11-23 MHz͒ spectrum [ Fig. 1(c) ]; (d) "Lengthy forms," whose duration varies between 10 and 800 s and which show low frequencies (several kilohertz) baseline voltage changes and also contain lengthy strings of high frequencies of the third type [ Fig. 1(d) ]; and (e) nonoscillating "Lengthy signals" [ Fig. 1(e) ]. In groups a-d, signals are assumed to belong to the first phenomenon described earlier, whereas the e-group signals were assumed to be the result of the second phenomenon. The mechanism of their excitation in glass (they are denoted in Ref. 6 by "4b group" signals) was assumed 6 to be as follows: stress accumulation under percussion loading is followed by material polarization. 8 Since the detected EMR signal is proportional to the second derivative of polarization, it is too weak to be detected at this stage. When the accumulated stress becomes sufficiently large, fracturing followed by stress (and polarization) relaxation ensues and leads to depolarization in the vicinity of the crack. Polarization does not fall off at once, because not all ions participating in the depolarization current begin their movement at the same moment: an ion begins to move when the acoustic waves excited by fracturing reach it.
Here we investigate group-e signals and those preceding them in Solenhofen limestone and analyze their polarization origin.
II. EXPERIMENTAL PROCEDURES
Cylindrical Solenhofen limestone samples, 10 cm in length and 3 cm in diameter, were percussion drilled. (The bit diameter was 10 mm). Solenhofen limestone has grainy structure and is almost pure fine grained calcite ͑CaCO 3 ͒.
During the entire tests, EMR was measured in the frequency range 1 kHz-50 MHz with 1 V sensitivity throughout. The EMR was detected (Fig. 2) by a one-loop magnetic antenna, 3 cm in diameter, placed at a distance of 3 cm from the drilled hole.
All EMR signals were electrically amplified by 60 dB, digitized, and collected by a PC hard disk. The data were analyzed after the tests were completed. 
III. RESULTS AND DISCUSSIONS
Our investigations showed (Fig. 3) that EMR depolarization pulses (group e) appeared following group-a or group-b signals, in contrast to measurements in glass 6, 7 where the signals preceding those of group e were always of type d. Moreover, group e signals here are much shorter than in glass, their duration ranging between 0.1 and 2 s (while in glass it ranged between 10 and 800 s). Their amplitude is also somewhat smaller and ranges between 1.5 and 10 V, while in glass it has values from 5 to 12 V. The time intervals between them and the preceding signals are also much smaller (sometimes even being zero) than those obtained in glass.
We maintain that these differences in intensity and duration of the depolarization signals are due to the difference in the released dipole moments (DMR), that is, the volume in which depolarization occurred times the polarization which had occupied it, in both cases. The DMR difference is probably due to the difference of the volume of influence of the respective cracks which induce depolarization. This volume can be estimated to be ϳ5 times the crack width in each direction. 9 In glass, group e signals are preceded by group-d signals. Since the latter are lengthy and of low frequencies, they are presumably emitted by smooth cracks of large sizes (several cm 2 ). Here group-e signals are usually preceded by group-a or -b signals, whose high frequencies and short durations indicate small sized cracks (less than 1 mm 2 ). Unlike glass, group-d signals do not appear in Solenhofen lime- stone. If a larger crack does appear there, it emits a group-c signal that is built up of numerous a/b-group signals; namely, the larger crack is actually made up of many smaller ones, demonstrating the grainy structure of this rock. Following crack stop, depolarization current begins to decrease slowly, so that its derivative becomes either too small to be measured or it is measurable and changes sign to create a "tail" (Fig. 4) . The polarization still remaining in the material by the time the crack stops continues to decay rather slowly to zero. In what follows, we calculate the dipole moment using only parameters of group e signals and, based on this and the crack size (obtained from the preceding group a/b signals) estimate the charge displacement which caused polarization.
Following Ref. 6 , fig. 5 is a schematic description of an e-signal. Its first part has a nearly constant amplitude A 0 for 0 Ͻ t Ͻ t 1 . At t 1 , the signal abruptly falls to a negative value. This negative tail is not always clearly observed but, according to our estimation both for glass 6 and rocks, its initial (maximum) negative value (see, e.g., Fig. 4 ) is about A 0 /3, and it then decays to zero. Using a decaying exponential for the tail, the second derivative of the dipole moment is therefore given 6 by
The current is proportional to ṗ and thus to the integral of Eq. (3). Using the fact that the current is zero both initially and for t → ϱ, the integral from 0 to t 1 should be equal in magnitude to that between t 1 and ϱ, yielding =3t 1 . The first derivative of p is hence given by
(the minus sign is to stress the fact that it is a depolarization process). The time-dependent dipole moment released by the crack (DMR) is 
where it is assumed that the final DMR, p͑t → ϱ͒ = 0. The total DMR ͑p 0 ͒ is given by
A dipole moment is by definition
where q is each of the displaced positive and negative charges, and ⌬l is the distance between them. In Solenhofen limestone, as a result of the percussions, it is conceivable that the sublattice of Ca 2+ ions moved by ⌬l, say, relative to the CO 3 2− sublattice, thus creating the observed polarization. When cracking begins, some volume around the crack is depolarized. This volume is estimated to be the crack dimensions plus ϳ5 times the crack width in all directions, 9 as
The length L and width b of the crack can be calculated [using Eqs. (1) and (2)] from the duration and frequency of the group-a (or -b) pulse which precedes the depolarization (group e) pulse. The frequency is obtained by a Fourier transform of the pulse, TЈ can be estimated as half of the pulse's duration, and the Rayleigh and crack propagation velocities are taken, respectively, as v R = 2882 m / s and v cr Ϸ v R / 3. The crack aperture can be neglected, because it is smaller by an order of magnitude than the crack length and width, thus Ӷ10b. The total charge q of the Ca 2+ ions in the depolarized volume V is q = 2enV. ͑9͒
Here, n is the Ca 2+ ion concentration ͑n =6/Sh͒. There are six Ca 2+ ions in a unit cell of calcite that has a hexagonal shape, 10 in which the side length is ϳ5 Å, S is the area, h is the height of the cell ͑17 Å͒, e is the electron charge, and the 2 is the valence. The displacement ⌬l of the Ca 2+ sublattice relative to the CO 3 2− one can thus be estimated (through the total DMR) by Eqs. (7), (6) , and (9).
Our calculations show that for Solenhofen limestone, the displacement of the Ca 2+ ions sublattice relative to its equilibrium position is between 0.01 and 1.3 Å. This result is reasonable: the displacements are smaller at least by a factor of ϳ4 and at most by a factor of ϳ500 than the lattice constant.
IV. CONCLUSIONS
Our analysis showed that fracture areas range between 0.001 and 0.3 mm 2 for Solenhofen limestone, and crack widths range between 0.05 and 0.3 mm. EMR pulses observed during Solenhofen limestone failure can therefore be associated with its grain size (less than 0.5 mm).
No correlation was obtained experimentally between the DMR and ⌬l, since the former depends also on the volume of influence of the crack, which varies enormously between measurements.
Finally, note that polarization induced by percussion drilling is in line with earlier observations 11 that dynamic stress can lead to polarization in different materials including rocks.
